The genetic improvement (GI) plays an important role in yield increase in rice in the Yangtze River Basin of China, and rice roots might have a crucial function during the GI. However, little is known what changes in root physiology and morphology were during the GI in this area and how they were related with grain yield. In this study, 24 typical mid-season rice cultivars (including hybrid combinations) applied in the area during the last 60 years were grown in the field, and they were classified into six types according to their application decades in which the cultivars were predominantly used. Changes in morphological and physiological traits of roots and their relationships with grain yield during the GI were investigated. Results showed that grain yield was significantly increased. Increase in grain yield was attributed mainly to the increase in total number of spikelets, which resulted mainly from a large panicle. The root dry weight, root length, root diameter, root oxidation activity, total absorbing surface area and active absorbing surface area of roots were also increased with the GI. Regression analysis showed that the root dry weight, root length, root diameter, root oxidation activity, total absorbing surface area and active absorbing surface area of roots were very significantly and positively correlated with grain yield. The results suggest that the GI improves root morph-physiological traits which benefits shoot growth, leading to a higher grain yield for the modern cultivars, especially for super rice cultivars.
Introduction
The genetic improvement (GI) in rice plays a crucial role in the yield increase in China and even in the world (Cheng et al., 2007; Zhang et al., 2007) . As an integral part of plant organs, plant roots are involved in acquisition of water and nutrients, synthesis of plant hormones, organic acids and amino acids, and anchorage of plants (Fitter et al., 2002; Inukai et al., 2004) . Rice roots might play an important role in the yield increase during the GI. However, compared with well-studied above-ground traits like photosynthesis (Lawson et al., 2011; Gu et al., 2012 Gu et al., , 2014 , little is known about the changes in morphological and physiological traits of roots during the GI and their relationships with grain yield in rice.
The Yangtze River Basin of China is one of the most important rice planting areas in China. The rice cropping systems are diverse in this area, such as double rice cropping systems, single mid-season or late-season rice cropping systems. Indica and japonica rice cultivars co-exist in most area of this basin. Mid-season rice is the dominant one among all the rice planting systems (China National Rice Research Institute, 1988; Zheng et al., 2003) . There have been many reports on root traits for high-yielding rice cultivars (Harada et al., 1994; Kang et al., 1994; Ling, 2000; Liu et al., 2003) . Ling (2000) proposed that a high-yielding rice cultivar should have a great and vigorous root system. It was also reported that the large aboveground biomass of japonica/indica hybrids was mainly attributed to their large root system (Harada et al., 1994; Kang et al., 1994; Liu et al., 2003) . Although the differences in root traits (Dong et al., 2002; Wu et al., 2001; Zhu et al., 2000) , grain yield, grain quality and plant types between hybrid and inbred rice of mid-season indica cultivars have been studied Zhang et al., 2009) , there were few studies on the changes in morphological and physiological traits of roots of mid-season rice cultivars and their relationships with grain yield during the GI. In this study, 24 typical mid-season rice cultivars (including hybrid combinations) applied in the Yangtze River Basin of China during the last 60 years were grown in the paddy field, and changes in morphological and physiological traits of roots and their relationships with grain yield during GI were investigated. The objectives of this study were to: a) Investigate the changes in root morphology and physiology of mid-season rice during the last 60 years, and b) to evaluate the relationships of the morphological and physiological traits of roots with grain yield.
Method

Plant Materials and Cultivation
The experiment was conducted at a research farm belonging to the key laboratory of crop genetics and physiology of Yangzhou University, Jiangsu Province, China (32°30′N, 119°25′E) alkali hydrolysable nitrogen (N), 30.7 mg kg -1 Olsen-phosphorus (P), and 87.2 mg kg -1 exchangeable potassium (K). 24 typical mid-season rice cultivars (12 indica rice and 12 japonica rice cultivars, including hybrid combinations) cultivated in the Yangtze River Basin of China during the last 60 years were selected, and classified into six types according to their application decades (Table 1 ). The high-yielding cultivars of 1950s were selected by the local farmers and rice breeders. The five super rice cultivars in this study were all examined and approved by the Ministry of Agriculture of China. The rest cultivars were chosen because they had large planting acreage (> 6.67×10 4 ha). Across the two study years, seedlings were raised in the seedbed with sowing date on 8 May and transplanted on 8-10 June at a hill spacing of 0.20 m × 0.20 m with two seedlings per hill. The experiments were laid out in a complete randomized block design with three replicates. Plot dimensions were 5 m × 4 m. The total N rate was 240 kg ha -1 N and was applied as urea at pre-transplanting (1 day before transplanting), early tillering (7 days after transplanting) and panicle initiation stage (about 35 days after transplanting) with the proportion of 50%, 10% and 40%, respectively. Phosphorus (40 kg ha -1 as single superphosphate) and potassium (40 kg ha -1 as KCl) were applied as basal fertilizer at 1 day before transplanting. Except drainage at the mid-season, the field was continuously flooded with 2-3 cm water level until one week before harvest. Weeds, insects, and diseases were controlled as required to avoid yield loss.
Sampling and Measurements
At the stages of mid-tillering, panicle initiation, heading, grain filling (15 d after heading) and maturity, eight hills of plants were sampled for the measurements of aboveground biomass and root traits. For the measurement of aboveground biomass, all plant samples were separated into green leaf blades, stems (culms + sheaths), and panicles (heading and after heading). Dry matter of each component was determined by weighing after drying at 70 o C to constant weight. For each root sampling, a block of soil (20 cm × 20 cm × 20 cm) around each individual hill was dug up using a sampling core. The roots were carefully rinsed with a hydropneumatic device and detached from their nodal bases and then weighed for determining fresh weight. Half of each root sample was used for measurements of root length and root diameter. The rest roots were dried in an oven at 70 °C to constant weight and weighed. To measure root length and diameter, roots were arranged and floated on shallow water in a glass tray (30 cm×30 cm) and then scanned using a scanner (Epson Expression 1680 Scanner, Seiko Epson Corp., Tokyo, Japan) and analyzed using WinRHIZO Root Analyzer System (Regent Instruments Inc., Quebec, Canada). Specific root length was calculated from the root length and the root dry weigh (W), i.e. specific root length (m g -1 ) = root length (m)/W (g). Root-shoot ratio was determined based on the dry weight of root and shoot. From panicle initiation, three hills of rice roots were sampled for the determination of root oxidation activity (ROA), total root absorbing surface area and active absorbing surface area. The ROA was determined by measuring oxidation of alphanaphthylamine (α-NA) according to the methods developed by Ota (1970) modified by Ramasamy et al. (1997) , and was expressed as mg α-NA per gram dry weight (DW) per hour (mg α-NA g -1 DW h -1 ). The total root absorbing surface area and active absorbing surface area were determined referring to the methods of Xiao et al. (2005) .
Grain yield was determined from a harvest area of 5 m 2 in each plot at physiological maturity of each cultivar and adjusted to a moisture content of 0.14 g H 2 O g -1 fresh weight. Yield components, i.e., number of panicles per square meter, percentage of filled grains and 1000-grain weight, were determined from plants of 1 m 2 that was representative and without obvious bad spots or damage in each plot. The percentage of filled grains (specific gravity ≥ 1.06 g cm -3 ) was determined as the ratio of filled grains to total number of spikelets. The number of spikelets per panicle was calculated from the grain yield, grain weight (0.14 g H 2 O g -1 moisture content), and percentage of filled grains, i.e., number of spikelets per panicle = grain yield per square meter/(number of panicles per square meter × 1000-grain weight × percentage of filled grains).
Statistical Analysis
Analysis of variance was performed using SAS/STAT statistical analysis package (version 6.12, SAS Institute, Cary, NC). Data were tested with a post-hoc least significant difference test at the P = 0.05 level (LSD 0.05 ). A GLM analysis of variance procedure was run to identify significant source of variance. Sources of variation were partitioned between effects due to year, cultivars released at different decades, cultivars nested within decade, and residual error. All variables were subjected to normality and variance homogeneity tests prior to GLM analysis. Graphs were drawn using SigmaPlot 10.0 (SPSS Inc., Point Richmond, CA, USA). Correlation analysis was used to evaluate the relationship of morphological and physiological traits of roots with grain yield.
Results
Grain Yield and Its Components
The genetic improvement (GI) of rice cultivars significantly increased grain yield (Tables 2 and 3 ). The average grain yield in each decade increased 1.90, 0.85, 0.85, 1.45 and 0.50 t ha -1 from 1950s to 2000s, and the increase percentages were 49.4%, 14.8%, 12.9%, 19.5% and 5.6%, respectively. The increase in grain yield was mainly due to the increase in total number of spikelets (no. of panicles × spikelets per panicle), which resulted mainly from the large panicle, especially for those super hybrid rice combinations. The average percentage of filled grains of four super rice cultivars in 2000s was only 77.0% in the two study years, significantly lower than that of cultivars applied in 1990s (Tables 2 and 3 ). Low percentage of filled grains might be a major limiting factor to achieve high yield potential for these modern super rice cultivars. Different letters indicate statistical significance at the P = 0.05 level within the same column. Table 4 shows the computed F values for the differences in grain yield and yield components of rice between/among application decades and rice cultivars within the application decades. The analysis indicated that there were significant differences (P < 0.05) in grain yield and its components except panicle number per unit area among decades. Variations due to experimental years (2008, 2009 ) and in interactions between experimental years and application decades were not significant (Table 4) . 
Morphological Traits of Rice Roots and Shoot Dry Weight
Similar results were obtained in the measurements of morphological traits (root dry weight, root length, root-shoot ratio and root diameter) and physiological traits (root oxidation activity and total absorbing surface area) of roots (Table 5 ). Since year was not a significant factor in the experiment, data of these root traits from the two years were averaged. NS, not significant at the P = 0.05 level. ** Significant at the P = 0.01 probability level.
The root dry weight and root length at main growth stages were increased or significantly increased with the GI (Figure 1-A and B) . Generally, there were no significant differences in shoot dry weight among cultivars used in different decades at the stages of mid-tillering and panicle initiation. From heading to maturity, the shoot dry weight was increased with the GI (Figure 2-A) . The differences in root-shoot ratio between new released super rice cultivars (used in 2000s) and the preceding cultivars (from 1950s to 1990s) were much larger before the heading stage than at grain filling and mature stages (Figure 2-B) . The root diameter at main growth stages was significantly increased (Figure 3-A) , whereas the specific root length was significantly decreased (Figure 3-B) with the GI. 
Physiological Traits of Rice Roots
Root oxidation activity (ROA) was significantly increased with the GI at the stages of panicle initiation and heading, and was significantly lower in super rice cultivars in 2000s than those cultivars in 1990s during the grain filling period (Figure 4-A) , which might be an important reason for the lower percentage of filled grains in super rice cultivars.
The total absorbing surface area and active absorbing surface area of roots were increased or significantly increased with the GI before grain filling, and they declined faster in super rice cultivars after heading, when compared with any other cultivars (Figure 4 -B and C). Vol. 6, No. 7; 
Relationships of Root Traits With Grain Yield and Its Components
Regression analysis showed that the root dry weight, root length, root-shoot ratio and root diameter of 24 mid-season rice cultivars from the mid-tillering to the grain filling stage were very significantly and positively correlated with grain yield (r = 0.489 to 0.920, P<0.01), whereas specific root length was negatively correlated with grain yield from panicle initiation to grain filling stage (r = -0.586 to -0.439, P<0.05). Root dry weight, root length and root-shoot ratio from the mid-tillering to the heading stage were also significantly and positively correlated with spikelets per panicle (r = 0.595 to 0.858, P<0.01). During the whole growth period, root diameter was significantly and positively correlated with spikelets per panicle, the percentage of filled grains, total spikelets number and grain weight (r = 0.432 to 0.900, P<0.05) ( Table 6 ).
From the mid-tillering to heading stage, root oxidation activity (ROA) was very significantly and positively correlated with grain yield (r ＝ 0.802 to 0.960, P<0.01), and it was also significantly and positively correlated with spikelets per panicle, total spikelets number and grain weight (r = 0.432 to 0.928, P<0.05). From mid-tillering to grain filling stage, the total root absorbing surface area and active root absorbing surface area were all very significantly and positively correlated with grain yield (r = 0.639 to 0.942, P<0.01); from panicle initiation to grain filling stage, the total root absorbing surface area and active root absorbing surface area were significantly and positively correlated with spikelets per panicle, the total spikelets number and the percentage of filled grains (r = 0.412 to 0.928, P<0.05) ( Table 6 ).
Discussion
In this study, we observed that the root dry weight, root length and root diameter were increased with the GI. The analysis showed that root diameter was positively and significantly correlated with yield components, indicating that they are the most important morphological traits for yield increase during the GI in our study. In plants, the root hair is an important organ for the uptake of nutrients and water (Chao et al., 2002; Vance et al., 2003) . However, sampling process will make massive losses of root hairs under field conditions (Ding et al., 2012) , thus, root hairs were not determined in this experiment. It would be helpful to investigate root hairs in hydroponic conditions to reveal their functions during the GI. The present results showed that the root oxidation activity, total absorbing surface area and active absorbing surface area of roots were increased or significantly increased with the GI at early and middle growth stages, indicating that both ROA and root absorbing surface area play important roles in increasing grain yield. These results suggested that the morphological and physiological traits of roots have been improved during the GI.
The relationship of the morphological and physiological traits of rice roots with grain yield has been a hot topic in rice research . What morphological and physiological traits of roots should be for a high-yielding rice cultivar is still debating. Whether or not a larger root biomass and a stronger root activity would contribute to higher grain yield in rice remains an argument (Samejima et al., 2005; Yang et al., 2011) . Earlier studies have showed that the rice root number, root weight, and root absorbing area were closely related with grain yield (Zhang et al., 2011 (Zhang et al., , 2013 Yang et al., 2012) . The root activity (ROA, dehydrogenase activity and root bleeding sap), specific root activity per spikelet (ROA × root weight / total spikelets number), and spikelet-bleeding intensity (root bleeding/total spikelet number in given time) were significantly or very significantly and positively correlated with the grain filling rate, the percentage of filled grains, 1000-grain weight, and grain yield (Pan et al., 1996；Sun et al., 2002 Zhang et al., 2006) . However, contradict results were also reported recently. For example, Passioura (1983) suggested that roots, as a plant part involved in acquisition of nutrients and water, also consume photosynthates from the aboveground parts for their establishment and growth. Furthermore, the energy consumption to produce per unit dry weight was as twice for producing roots as for producing shoots. Based on this understanding, someone proposed the opinion of "root redundant growth", that is, excessive root biomass or a too large root-shoot ratio will bring adverse effects to grain yield due to the excessive energy consumption (Cai et al., 2003; Liu et al., 2002; Wang et al., 2004) . Our results herein demonstrated that the root dry weight, root length, root diameter, root oxidation activity, and total root absorbing surface area and active absorbing surface area of 24 mid-season rice cultivars were very significantly and positively correlated with grain yield, indicating no redundant root growth under this experiment condition. These results suggested that the improvement in root biomass and activity were crucial for rice yield increase during the GI. Earlier studies indicated that redundant root growth was obvious under the conditions of limited resources supply, such as water or nutrition, and removing some roots could benefit rice growth and increase rice yield (Cai et al., 2003; Liu et al., 2003; Wang et al., 2004) . Whereas in this study, the nitrogen application (240 kg ha -1 ) was abundant and the light intensity was high in the two study years (2008 and 2009) , and therefore no redundant root growth was observed and an increase in root growth could increase grain yield.
The present results showed that the increase in grain yield during the GI mainly resulted from the increase in total number of spikelets, leading to a larger sink size (total spikelets per unit area), especially in super hybrid rice. However, we also observed that the super rice cultivars bred in 2000s exhibited a low percentage of filled grains, which would limit their yield potential. Similar results were also reported by Yang and Zhang (2010) , Yang (2011) . The factors causing a low percentage of filled grains in rice cultivars with a large panicle size have been investigated, including source-sink relationships, matter translocation, and grain filling characteristics (Cao et al., 1981; Kobata et al., 1992; Yang et al., 1996; Gebbing et al., 1999; Samonte et al., 2001; Takai, et al., 2005; Peng et al., 2006) . In this study, we observed that ROA, total root absorbing surface area and active absorbing surface area of super rice cultivars declined much faster than those of inbred cultivars during the grain filling period. These results suggest that the rapid senescence of roots might account for the low percentage of filled grains in super rice cultivars. We speculate that improvement in root activity during grain filling would increase the percentage of filled grains and consequently enhance yield potential in super rice.
It is noteworthy that rice yield in China has been increased significantly during the past several decades. Increase in fertilizer nutrient input, especially nitrogen fertilizer, has contributed significantly to the improvement of crop yields (Cassman et al., 2003) . China's national average nitrogen rate for rice was 193 kg ha −1 in 2006 (Peng et al., 2010) . Nitrogen rates are ranged from 150 to 250 kg ha −1 , depending on rice planting areas (Wang et al., 2001; Peng et al., 2006) . For the most high-yielding counties in Jiangsu province, China, the average nitrogen rate reached 300 kg ha −1 . Under the nitrogen rate of 240 kg ha -1 in this study, root traits and grain yield were all improved during the GI. The similar results were obtained when no nitrogen or low nitrogen rate (120 kg ha -1 ) was applied (data not showed). Along with nitrogen rates, other cultivation techniques, such as tillage, planting density and transplanting methods, have also been changed in the past 60 years. These factors may also affect rice yield during the GI. Further study is needed to clarify the interactions between GI and nutrient management or agronomical improvement on root and shoot growth and grain yield of rice.
